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FOREWORD

This report describes work performed in support of the
Improved Windshield Protection Program being conducted by the
Windshield Program Office ADPO (FEW), Vehicle Equipment Division
(FE), Air Force Flight Dynamics Laboratory (AFFDL), Air Force
Wright Aeronautical Laboratories (AFWAL), Wright~Patterson
Air Force Base, Ohio, under Job Order 22020307, "W1ndsh1e1d
Atmospheric Electricity Hazards (AEH) Assessment.“

The work was assigned to the Electromagnetic Hazards Group
(FESL) of the Survivability/Vulnerability Branch (FES) and per-
formed under Project 240223, "Atmospheric Electricity Hazards
to Aircraft."

The work reported herein was performed jointly by Technology/
Scientific Services, Inc. (T/SSI), Dayton, Ohio and Technology
Incorporated, Instruments and Controls Division, Dayton, Ohio,
under Contract F33601-78-D0042. The work was performed during
the period ll July to 30 September 1978, under the direction of

L Larry G. Moosman (AFFDL/FEW) and Vernon L. Mangold (AFFDL/
FESL). Mr. Arturo V. Serrano (T/SSI) served as program manager,

and was assisted by Jean Reazer, K. J. Maxwell, and L. C. Walko
of T/SSI. Dr. Robert B. Finch was the project Engineer and

Dr. William S. McCormick the pr1nc1pal investigator for Technology
Incorporated.

During the program many individuals and organizations within
the Government and Industry were contacted and contributed assist-
ance and information. Although too numerous =0 mention, their
contributions are acknowledged and appreciated.
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SECTION I
INTRODUCTION

This report “icuments the results of an intensive effort
directed at state-of-the-art assessment for the protection of |
aircraft transparencies against the atmospheric electric hazards
of lightning and precipitation static (p-static) and nuclear
electromagnetic pulse (NEMP) .

This effort was initiated to provide a comprehensive look at
the transparency industry and the state-of-the-art of transparency
design for the protection against atmospheric electrical hazards.
Of interest were the electrical properties of transparency mate-
rials, the electrical characteristics of transparency systems and
their influence on the aircraft and crew.

The Improved Windshield Program Office has been concerned with
the overall performance of aircraft windshields and their protec-
tion against all the hazards to which they are subjected. These |
hazards result from both the non-operating and operating environ- A
ments and can result in windshield failures of degradation to the
point of affecting mission effectiveness. Failures and degradation
can result from environmental factors, operational factors, natural
hazards, and combat. If windshield failure occurs during a criti-
cal mission phase the potential for loss of aircraft is enhanced
with the attendant risk to flight crews. Much work has been done
to improve the mechanical characteristics of windshield systems to
withstand the environmental and operational stresses to which they
are exposed. However, the all-weather requirements imposed on many
of today's and future aircraft, particularly those with a military
mission, have resulted in a higher incidence of windshield problems
caused by atmospheric electricity hazards. The incorporation of
electrical circuits and conductive films in aircraft windshields

may increase the hazard and probability of failure and may also

affect mission effectiveness by resulting in catastrophic

failures.
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Therefore, the Improved Windshield Program Office has undertaken a
program for atmospheric electricity protaction of aircraft trans-
parencies. As a logical step in the development and demonstration
of aircraft transparency designs against atmospheric electricity
hazards, a state-of-the-art assessment was required for aircraft

transparencies, materials and construction.

The assessment reported herein provides a baseline against

which candidate materials and design criteria can be compared.

The program was conducted by first performing a literature
survey of all available literature relating to the survivability of
aircraft transparencies and the possible circuits imbedded within
them. Because physiological hazards are present as a result of
interaction of the atmospheric electricity environment with air-
craft transparencies, the search also encompassed the identifica-
tion of these hazards. The nature, sources and extent of this
survey are discussed in Section III of the report.

Section IV discusses the results of a system survey performed
to assess the hazard to aircraft transparencies, electrical cir-
cuits in them and other aircraft circuits. This survey resulted in
the identification of circuit protection techniques that should
minimize the hazard, or eliminate it, particularly if incorporated

at the initial design stages of the transparency system.

Although the survey was not as encompassing as would have been
liked, due to the time constraints, it was confirmed that the
electrical characteristics of the specific materials used in air-
craft transparency systems, particularly in windshields, were typ-
ically unknown or unpublished. The suspicion that this was indeed
the case was the reason for performing the assessment described in
this report. The data identified during the program are summarized
in a data matrix presented in Section V. The matrix shows that
there are large voids of information pertaining to the electrical
characteristics of transparency materials, especially in the area

of environmental effects on the electrical properties. Also, the

2




electrical properties, normally of engineering interest, do not
include some of the properties that are more relevant in an atmo-
spheric electricity environment. However, from an analytical view-

point this does not present a problem.

In an effort to eliminate voids in the data matrix, analyti-
cal investigations were performed to determine the feasibility of
extrapolating existing data, as well as to permit using the avail-
able data in analyzing the response of aircraft transparency sys-
tems to atmospheric electricity. The analysis was useful in iden-
tifying the electrical parameters of interest and in defining the
test parameters for acquisition of the data needed. The analysis
performed and resultant electrical property measurement and test
parameter recormmendations are contained in Section VI of the re-
port.

To determine the hazard probability, the available aircraft
accident/incident reports for the U.S. Air Forcé and Navy were re-
viewed and analyzed. It was found that for some aircraft types and
missions the hazard is more severe than for others. Section VII

summarized these findings.

Conclusions and recommendations resulting from the program are
presented in Section VIII. It is felt that much work remains to be
done to properly assess the vulnerability of aircraft transparen-
cies to atmospheric electricity. The task is not simple. Accord-
ingly, several recommendations are presented so that future ef-
forts, it is hoped, will be performed in an orderly and cost-effec-
tive manner.

It is anticipated that investigators not normally familiar
with atmospheric electricity and its impact on aircraft perfor-
mance will read this report. Consequently, a brief but comprehen-
sive background section (Section II) is included to acguaint the
reader with atmospheric electricity, the hazard it creates via the
aircraft transparency system, and the electrical properties of
transparency materials.
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An Appendix (A) is included to describe the analytical model
that was found applicable to multilayer transparencies. A second
Appendix (B) presents an application of the model to two different &

transparency configurations, one with two conductive layers and one
with a single conductive layer. The final Appendix (C) presents

the data matrix data sheets.

The report is concluded with a list of references and a com-
prehensive bibliography dealing with atmospheric electricity and

aircraft transparencies and materials.
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SECTION II
BACKGROUND

Traditionally, the selection or development of aircraft
transparency materials used in windshields, canopies, and windows
has been on the basis of optical and mechanical properties rather
than on electrical properties. This has been the case because
their basic function has been non-electric. Consequently, most |
research on aircraft transparencies has been directed at struc-
tural and impact strength, temperature characteristics, optical
qualities and weather resistance. The increased capabilities
of today's and future aircraft, particularly those with a mili-
tary mission, have resulted in an increase in the electromagnetic
hazard from the natural atmospheric electricity sources of
lightning, p-static, and triboelectric charging, as well as from
NEMP. Configuration changes to aircraft transparency construc-
tion involving transparent armor, electrical heating (anti-icing)
systems, electromagnetic energy shielding, conductive coatings
for static electricity and swept-stroke protection, and others

have also resulted in an increased concern over their impact on

aircraft-transparency vulnerability to atmospheric electricity
and NEMP. In addition, recent years have shown the emergence of
atmospheric electricity-related accidents/incidents. There is
also a potential increase in incidence of physiological effects
(shock and flashblindness) which bears investigation.

The aircraft transparencies of today and of the future are
complex system designs that often consist of laminations including
glass or plastic glazing materials, flexible interlayer materials,
edge attachment materials, and adhesives; coatings for abrasion
resistance, anti-fogging/anti-icing, radar reflection, radiation
protection, solar (thermal) reflection, anti-reflection, anti-
static, rain repellency, and heating circuits. Although the im-

portant electrical properties of the indiwvidual elements of the

transparency system are known or readily obtainable using standard

test methods, the electrical characteristics of the transparency

system as a whole are largely unknown. Also, the normally measured
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electrical characteristics are obtained under laboratory or stan-

dard temperature and pressure conditions using standard thickness-

es, direct current (DC), or alternating current (AC) at commercial

or communication/navigational frequencies. Unfortunately, as will

be discussed, the electric properties of most transparency mate-

rials are particularly sensitive to variations in temperature, -

i e b Y in s e e i as i

humidity and frequency. In the environment of aircraft operations
these variations must be considered, particularly as pertains to
the static electricity charge buildup on the transparency mater-
ials(s) and the lightning and NEMP atmospheric electricity en-
vironments. Aside from the physical considerations of costly
damage to the transparency, lightning flashes in the range of
vision of the flight crew create a flashblindness hazard that may
prove catastrophic during all mission phases, especially crit-
ical mission phases such as takeoff and landing. In addition, a
physiological hazard of electrical shock also exists during both :
air and ground operations, and could also affect critical mission
phases catastrophically.

A. Aircraft Transparencies

The term "aircraft transparencies" covers optically
transparent aircraft components such as windshields, canopies, and
windows. Aircraft transparencies in early aircraft performed the
simple functions of protecting the pilot from wind, bugs, engine
oil, and steam or boiling water from overheated radiators. 1In
today's flying environment, aircraft transparencies perform the
more demanding roles of high visibility, pressurization, impact
protection from birds, hail, rain, and anti-icing. Thus, whereas
early aircraft transparencies were simple one-piece glass or plas-
tic screens, today's aircraft transparencies are multilayer lamina-
tions including various glazing materials, adhesive and conductive
interlayers, and various coatings for thermal protection, anti-
reflection, anti-static electricity buildup, radar reflection, and

others. The increasing all-weather capability and utilization of

aircraft, particularly in the military, coupled with the incorpora-
tion of electrical circuits within the aircraft transparency for

anti-icing and impact resistance, has resulted in an increase in the
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atmospheric electricity hazard and lightning-related accidents/

incidents (see Section VII) for some types of military aircraft/

missions.

B. Atmospheric Electricity and Aircraft

Atmospheric electrical phenomena interact with aircraft
in a number of ways. These interactions range from insignificant
to annoying, hazardous, and occasionally to catastrophic. The most
severe atmospheric electricity is that resulting from lightning
discharges between clouds or between a cloud and ground. Often
these discharges occur in the vicinity of flying aircraft and
occasionally involve the aircraft directly. Associated with the
lightning discharge are large electromagnetic fields that radiate
radially from the lightning channel. These fields induce voltages
in aircraft electrical systems that may reach severe levels and
cause physical damage or functional upset. In those instances when
the aircraft is struck by lightning the current flowing along and
through the aircraft skin generates electromagnetic fields that
also induce voltage transients in the electrical circuits of the
aircraft.

Another atmospheric electrical phenomenon results from
triboelectric charging of an aircraft as a result of friction with
aerosols and particulate matter in the atmosphere. This charge is
typically distributed throughout the exterior surfaces of the air-
craft and dissipated to the atmosphere through corona and stream-
ering at aircraft sharp edges or at static dischargers. When the
triboelectric charging results in a level that causes uncontrolled
corona and streamering, broadband static electricity results that
may interfere with communication and navigation systems, and air-

craft instruments.

Because aircraft transparencies are basically dielec-
trics, that is, non or poor conductors of electricity, an electric
charge can build up on them that is higher than that on the metal-
lic aircraft surfaces. This charge can reach such levels that




flashover (streamering) to conductive areas can result, electro-
magnetic interference is generated, local damage to the canopy is |
possible, and a shock hazard to flight and ground crews is created.

In efforts to eliminate or reduce the effects of tribo-
electric charging and static electricity, anti-static coatings have -
been developed and are used on some aircraft transparencies.
However, in performing this function, the transparency may kecome
more susceptible to swept-stroke attachment effects than before.
In the swept-stroke phenomenon, where lightning attaches at a
primary attachment zone (Reference 1, Figure 1), the motion of the
aircraft with respect to the "fixed" lightning current channel
causes the arc to "bend" as shown in Figure 2, exposing other
aircraft areas that are not normally lightning attachment zones to

attachment. One such area is the aircraft transparency area. Be-
cause of the proximity of the transparency, physical damage to I
conductive coatings and outer layer materials may result that may |
necessitate transparency replacement; flashover to other aircraft

areas will probably occur.

Since some of the transparencies in use have conductive
interlayers for anti-icing and impact resistance purposes, the
physical damage may be in the form of dielectric breakdown, that is,
puncture. When this happens, the lightning current can be directly
applied to the conductive coating with the consequence of possible
damage to it and the possibility of inducing voltage transients in

other aircraft circuits.

In addition to the effects discussed above, we can con-
sider an aircraft transparency (typically a windshield) which has
both an anti-static conductive coating on one surface and an anti-

icing conductive interlayer on another as a capacitor as illus-

trated in Figure 3.

T e ———
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Zone 1 - Primary Attachment
_. Zone 2 - Swept Stroke Attachment
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Figure 3. Capacitor Representation of Aircraft Transparency

Triboelectric Charging
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In operation the heating circuit is susceptible to
lightning (or NEMP)-ihduced voltages which may cause dielectric i
breakdown at the edges, as just discussed, in instances when
triboelectric charging by itself would not be sufficient for break-
down. Heating currents through the damaged heating interlayer may y
result in "hot spots" and local damage of the transparent material.

€. Lightning and Electromagnetic Pulse
The electromagnetic pulse (EMP) from nuclear weapons,

often referred to as NEMP, is an electromagnetic transient that
results from the interaction of gamma radiation with the earth's
atmosphere. 1In that it is an electromagnetic transient, it resem- :
bles the lightning electromagnetic pulse (LEMP). However, the NEMP '
have higher peak amplitudes and have shorter durations with much
faster rise time (nanoseconds vs. microseconds) resulting in a sub-
stantially broader frequency spectrum. The higher frequency con-
tent of the NEMP allows smaller aircraft apertures (than for LEMP)
to permit penetration of NEMP into the aircraft interior and couple
to electrical circuits. Similarly, shorter lengths of unprotected
electrical circuits (e.g. wires) can function as "antennas" and
allow induced currents to flow which may damage, or cause upset to,
components. The mechanisms that cause NEMP are such that signifi-

cant NEMP may be present at large distances from the nuclear ex-

plosion, whereas LEMP is thought to be hazardous only when it

A AN T

occurs relatively near (within 1 kilometer) of a system.

The same characteristics that serve to contrast NEMP and
LEMP give rise to the problem that effective protection against the
one may not be effective against the other if it was not taken into

consideration during the design of the protective scheme.

In terms of transient effects analysis the methods, or
. models, used are the same with the results being determined by the
response characteristics of the circuit and the source term chosen

(NEMP or LEMP). The source term in this context can be described

as the mathematical model of the EMP in question and is normally

some standard pulse shape with specified rise tl and decay
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t2 times that govern the frequency content of the model. Figure 4
illustrates the common "standard" or source term model used.

The severity of the NEMP, or LEMP, is governed by the

selection of the parameters Aax' &1 and t2. Generally, in vul-

nerability assessments an "aveizge" and a "severe" set of condi-
tions are chosen. An "average" set of conditions is generally
one that has a 50% probability of being exceeded, whereas a
"severe" set of conditions is one that has a 1% probability of
being exceeded. The criteria for LEMP are normally chosen as
defined in Reference 2. An unclassified description of NEMP phe-
nomena is contained in Reference 3 while a model of NEMP is con-
tained in Reference 4.
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Figure 4. "Standard" Description of Lightning
' or EMP Pulse .

D. Electrical Properties of Materials
The electrical properties of dielectric materials are,
typically: resistivity, dielectric and flashover strength, di-
electric constant, dielectric dissipation factor, and arc resis-
tance. For those materials that function as electromagnetic
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shields the shielding effectiveness is also of interest. Published

values of the electrical properties are normally those resulting
from test methods published by the American Society for Testing and
Materials (ASTM) in coordination (in recent years) with the Amer-
ican National Standards Institute (ANSI), or methods approved by 1
ASTM such as used by Underwriter's Laboratories (UL). The fol-
lowing paragraphs briefly describe each of the electrical prop-
erties. In the following discussions illustrations are included

that depict the multi-dimensional nature of the electrical prop-
erties described. For most dielectric materials the electrical
properties are frequency-, temperature- and humidity- (exposure)
dependent. The illustrations were chosen mainly to demonstrate
this dependency. The materials for which data were found available
to illustrate these variations are used primarily as electrical
insulators. As such, they are not necessarily representative of
transparency material except that they may be edge construction
candidates.

157 Resistivity

The electrical resistance of a material is usually given
per unit length and unit cross-sectional area or per unit length
and unit weight. For dielectric materials using ASTM methods where
standard sample thicknesses (volumes) are used in all tests, the
resistance is expressed as a volume resistivity or as a surface re-
sistivity. In both cases, it is a DC measurement and the test
method and related procedures, circuits and calculations are de-
scribed by ASTM Test Method D-257 (Reference 5).

a. Volume Resistivity
The volume resistivity is a measure of ability of a
dielectric material to resist the flow of an electric current. It
is given by the ratio of the electrical potential gradient (paral-
lel to the current in the material) to the current density. Volume
resistivity of dielectrics is affected by changes in temperature
and humidity (Reference 6, Chapter III).

13




b. Surface Resistivity

The surface resistivity is a measure of the ability
of a surface of a dielectric material to resist the flow of elec-
tric current. It is given by the ratio of the potential gradient
parallel to the current along the surface of the material to the

current per unit width of surface. In combination with the volume .
resistivity, surface resistivity is often used to assess the purity |
of an insulating material during development and production. The
surface resistivity of a material is particularly sensitive to fre-
quency, humidity, contamination, and related environmental factors
(Reference 6, Chapter IV).

s Dielectric Strength

The dielectric strength of a material is that property of
an insulating material which enables it to successfully withstand
electric stresses. It is the highest electric strength that an in-
sulating material can withstand for a specified period of time
without electrical breakdown by any path in its bulk. It is given
by the potential difference, in volts, divided by the test specimen
thickness, usually in thousandths of an inch (mils). 1In previous
years four basic tests were used: short-time, step-by-step, slow

rate-of-rise, (generally an alternate to step-by-step) and long-

time. However, in the most recent revisions of the ASTM Test

Method, ASTM D-149 (Reference 7), only the first three are speci-

fied and are briefly described below. The method specifies com-

mercial power frequencies which are typically 50 and 60 Hz, but
measurements are generally made also at 1 KHz and 1 MHz, since

dielectric strength is in most cases frequency-sensitive as well as

being affected by temperature and humidity (reference Figures 5

and 6). -

a. Short-Time Test
The voltage is increased from zero to breakdown at
a uniform rate of 100, 500, 1000, or 3000 volts per second, depend-
ing on the total time specified and the voltage/time characteris-
tics of the material, until breakdown occurs.

14
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Temperature (Celsius)

Figure 5. Effects of Temperature and Frequency on
Dielectric Strength on One Type of Dielectric
Material. Taken from Reference 6.
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Figure 6. Effects of Exposure on Dielectric Strength

of One Type of Dielectric Material. Taken
from Reference 6.
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b. Slow Rate-of-Rise
An initial voltage, approximately equal to fifty
percent of the breakdown voltage obtained in the short~time test,

i

is applied and then increased at a uniform rate until breakdown
occurs.

C Step-by-Step Test
An initial voltage, approximately equal to fifty 3

percent of the breakdown voltage obtained in the short~time test,
is applied and then increased as rapidly as possible in equal in-

crements and maintained for a specified period of time.

Sir Dielectric Constant (Permittivity)
The dielectric constant of a material that is normally :
specified is the relative dielectric constant. For practical pur- 3
poses, it is the ratio of the capacitance of two electrodes sepa-

rated solely by the dielectric material to their capacitance when

separated by air. Ideally vacuum should be used instead of air;
however, the error thus incurred is very small. The dielectric
constant of a material generally increases with temperature,
humidity, and exposure. For most materials, dielectric constant
varies considerably with frequency and to a lesser extent with
voltage as a result of polarization. Figures 7 and 8 illustrate
some of these effects. The relative dielectric constant is typi-
cally measured at commercial power frequency (e.g. 60 Hz) and at
1 KHz and 1 MHz according to ASTM 150 (Reference 8).

4. Dielectric Loss Factor
A perfect dielectric can be electrically represented as
shown in Figure 9. From basic physics it is known that in this
purely capacitive circuit the current leads the applied voltage by
90°. In a real dielectric, however, there are conductive and/or
absorptive losses which cause this phase relationship to be al-
tered.

17
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Relative Dielectric Constant
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Frequency 100MH; 3 ; 1.00

Figure 7.

| |
-55 25 50 85 125
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Effects of Temperature and Frequency on Relative
Dielectric Constant on One Type of Dielectric
Material. Taken from Reference 6.
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Figure 9. Electrical Representation of a
Perfect Dielectric

When conductive losses (only) are present the usual elec-
trical representation of such a dielectric is as shown in Figure
10. 1In essence this is the low frequency equivalent circuit (Ref-
erence 9). The conductive loss that is represented by the parallel
resistance causes a resistive current in phase with the voltage.
The resultant current in the circuit as depicted in Figure 10 still
leads the voltage but by an amount § less than 90°. The tangent of
this angle § has been designated as the "dissipation" or "dielec-
tric" loss factor.

When absorptive losses (only) are present (Figure 11)
these are represented electrically as a series resistance. This is
the high frequency equivalent circuit (Reference 9). In this case
the current in the dielectric leads the applied voltage by an angle
§ less than 90° also. It is this absorptive loss that makes it
incorrect to represent an imperfect dielectric as an R-C parallel
circuit (Reference 10). However, although equivalent circuits do
not explain physical phenomena, it is sometimes helpful to relate
observed behavior to a circuit which exhibits such characteristics.
In this context, a dielectric with conductive and absorptive losses
could be represented as shown in Figure 12. 1In such a circuit the
capacitance and resistance values are chosen to approximate the

20
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Figure 10. Electrical Representation of a Dielectric
with Conductive Losses

Figure 11. Electrical Representation of a Dielectric with
Absorptive Losses

—Lc

R,

1 Figure 12. Electrical Representation of a Dielectric
with Conductive and Absorptive Losses
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actual performance of the dielectric material. It is evident from
the circuit representations shown (i.e. the capacitive reactance,
X, = (2n £ C)-l) that the dielectric loss factor (tangent §) is a

frequency-sensitive quantity as are other electrical character-

istics of a dielectric. It is also sensitive to variations in

humidity and to exposure as illustrated in Figures 13, 14, and 15.

As was stated earlier, these figures are included to illustrate the

types of variations that can occur. Similar data for actual trans-

parency materials was not found in the literature reviewed. Since

the dissipation loss factor is closely associated with the dielectric

constant it is usually measured at the same frequencies according
to the methods in Reference 8.

Dissipation Factor

——0.500
0024 0167 0186 0.97

“ |

\ ~—0.266

-55 25 50 85 125
Temperature (Celsius)

Figure 13. Effects of Temperature and Frequency on

Dissipation Factor on One Type of Dielectric
Material. Taken from Reference 6.
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Figure 14. Effects of Exposure on Dissipation Factor
on One Type of Dielectric Material. Taken
from Reference 6.
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Figure 15. Effects of Exposure at 85°C, Humidity and
Frequency on Dissipation Factor on One Type
of Dielectric Material. Taken from Refer-
ence 6.
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S. Flashover Strength
Flashover is caused by breakdown of an insulating mate-
rial along its surface and consists essentially of a gaseous dis- | 4
charge. 1In an aircraft canopy flashover can result from swept- '

stroke attachment at some point to the canopy frame or support .

structure.

Flashover strength should not be confused with arc resis-
tance (discussed in a following section) as there is no relation-
ship between the twc measurements. As mentioned in the following
section, the former depends on the electrical properties of the
material while the latter depends on the chemical and physical

properties of the material. Also, the methods of measurement are
different. 1In contrast to the arc resistance test in which spark
discharges are created near the surface of the material, in the
flashover strength tests the electrode voltage is increased until
flashover between the electrodes occurs along the material surface.
There appears to be a relationship between dielectric constant and
flashov.r strength at a given input voltage frequency (Figure 16).
Flashover strength appears to decrease with frequency (Figure 17)
and exposure (Figure 18). Also, the flashover strength values
differ between AC, DC, and impulse excitation of the electrodes as
shown in Table 1. As is the case with the illustrations contained
in this section, the materials included are not necessarily used in
transparencies but may be considered edge construction candidates.

Since flashover is highly dependent on the geometry of
the specimen it is difficult to compare flashover strength measure-
ments on actual aircraft transparencies. Comparisons should only
be made if the test specimen geometries and electrode configura-
tions are know to be the same. Some investigators (Reference 11)
have devised a "flashover distance" method of comparison that gives
a relative measure useful in comparing two similar canopy config-
urations. The comparisons were made based on measurements made on
the F-15 (Reference 12) and the F-16 canopies and their respective
geometries. The flashover distance is the maximum circumferential
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Figure 16.
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distance measured along the surface of the canopy over which the

current in a lightning strike must travel to reach the surrounding
metallic fuselage. The shorter the flashover distance the higher
the probability that flashover will occur and the lower the prob-
ability of puncture (dielectric breakdown) which is related to the
dielectric strength of the material.

6. Arc Resistance
The arc resistance of a dielectric material is a measure
of the resistance of its surface to breakdown under electrical
stress. It is given by the time in seconds during which an arc of
increasing severity is applied intermittently to the surface until
failure occurs. Failure may be one of four general types:

a. The material becomes incandescent and hence capable
of conducting current but regains its insulating
qualities upon cooling.

b. The material bursts into flame (ignites) without
the formation of a visible conducting path.

(-8 A thin wiry line (tracking) forms along the surface
between the electrodes.

de The surface carbonizes until a conductive path
forms.

The arc resistance test is generally performed according
to ASTM 495 (Reference 13) and depends on the chemical and physical
properties of the material. This test and resulting data should
not be confused with flashover tests and data which are related to
the electrical properties of the material. Generally, the arc re-
sistance of a dielectric decreases as a function of both temper-
ature and humidity as illustrated in Figure 19.
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Figure 19. Effects of Temperature and Moisture on Arc

Resistance of Polyester. Taken from
Reference 14.




Ta Shielding Effectiveness
The RF shielding effectiveness of an aircraft trans-

parency is primarily related to its RF absorptivity and reflec-
tivity as provided by conductive coatings and/or interlayers that
may be present in the transparency system. The shielding effec-
tiveness of a material is a relative measure of material's ability
to keep out unwanted radiation and is expressed as the ratio of
incident to transmitted energy in decibels (db). Mathematically it

can be expressed as in Equation 1 (Reference 15):
S=A+R+B

where A is the penetration loss term in db
R is the reflection loss term in db
B is the re-reflection loss term in db

The RF shielding effectiveness of several conductive
transparent materials is reported in Reference 16 for tin-coated
glass anc wire grids, and for gold-coated glass in Reference 17.
The low frequency shielding effectiveness (100 KHz to 1 MHz) of
conductive glass was reported in Reference 18. The electromag-
netic shielding effectiveness of a multilayer structure, such as

in an aircraft windshield, was addressed in Reference 19.

In general, the shielding effectiveness is expressed as |

a function of measureable physical characteristics of the material

including resistance, permeability, frequency and conductivity.

The electric field shielding effectiveness of conductive
films has been shown to be a function of frequency and surface
resistance (References 17 and 18). Figures 20 and 21 illustrate
these relationships for the frequency ranges nearest to those
present in lightning and nuclear EMP environments. Selection of a
conductive material must be based on the overall transparency

requirement for light transmission, anti-static protection, shield-

ing effectiveness, heating factors and other related factors.
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SECTION III
LITERATURE SURVEY

The purpose of the literature survey was to identify, obtain
and review the significant literature on the subject of aircraft
transparencies, their interaction with the atmospheric electricity
environment, and physiological effects. Consequently, several
sources of information were employed as discussed in the following
paragraphs.

A. Transparency Data

Information was sought on the transparency construction
details for operational (e.g. F-4) and near-term (e.g. F~18) air-
craft. The emphasis was placed on U.S. military and on commercial
aircraft with a military application. Sources of information were
aircraft technical manuals for maintenance and overhaul and engi-
neering drawings. Work performed by the University of Dayton (Re-
ference 20) and McDonnell Douglas Corporation (Reference 21) on
windshield/canopy life cycle cost and failure analysis served as a
foundation since both contained aircraft transparency construction
details for a number of aircraft of interest.

Once the construction details and the materials used were
identified, the transparency system and the transparency material
manufacturers were contacted for engineering data, with emphasis on
electrical characteristics. Also, trade publications on materials
were researched for similar data on transparent materials that
might be candidates for use in aircraft. Scientific journals and
published books were also researched. 1In general it was found that
the majority of the available electrical data was obtained accord-
ing to ASTM test methods and published in abbreviated form as pre-
sented in Table II of Reference 22. This type of information, al-
though covering a wide range of materials, seldom contained data at
more than one temperature or humidity. The most comprehensive
reference was Chapman and Frisco (Reference 6) which investigated,
in considerable detail, the dielectric properties of materials and
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the effects of temperature, humidity, frequency, and exposure on

them. The work, however, is over twenty years old and does not

include materials of particular interest. Other useful sources of

information that did present some information on a variety of |
transparency materials were engineering handbooks on glass (Re-

ference 23) and plastics (Reference 24).

Key word searches (e.g. lightning and aircraft transpar-
encies) were performed at the Defense Documentation Center (DDC),
using the Wright-Patterson Air Force Base terminal, to identify
work performed or in progress under independent research programs
or under DOD sponsorship pertaining to aircraft transparencies. It
was found that most of the work in progress emphasized the mechan-
ical and optical properties of aircraft transparency materials.
However, attempts were in progress to develop design guidelines
(Reference 16) and specifications (Reference 25) covering all as-
pects of aircraft transparency systems, particularly windshields.

To obtain information on work performed or being per-
formed under other than DOD sponsorship or of DOD interest (Inde-
pendent Research and Development), published searches by the Na-
tional Technical Information Service (NTIS) dealing with 'lightning,
surge and transient protection (Refererice 26) and by the Smith-
sonian Science Information Exchange (SSIE) on thunderstorms and
lightning (Reference 27) were obtained and reviewed. In addition,
specialized key word searches as were performed at DDC were per-
formed at both facilities.

Many technical reports were identified, acquired and re-
viewed. Many of these, although of related interest, did not con-
tain gquantitative data and are included in the bibliography. Some
were found completely irrelevant and were excluded. A group of
reports, especially those dealing with EMP, were classified and
presented a problem in their acquisition during the time available.
Review of the technical documents revealed that, even though some

testing programs were being conducted or had been conducted using




aircraft transparencies or transparency replicas as test specimens,
most of these were qualitative in nature. Tests have been conduct-
ed to investigate the probability of lightning attachment and dam-
age resulting from static electricity and flashover. The most sig-
nificant work of interest has been performed in recent years (Ref-
ences 28, 29, 30, and 31). 1In these sources it is evident that
researchers are beginning to zero-in on the electrical character-
istics of aircraft transparencies that are, or may be, of interest
in an atmospheric electricity environment. However, this "enlight-
enment" has served to identify some of the limitations in commonly
available data (i.e. electrical properties of transparency mate-
rials) and in the test methods currently in use (Reference 28).
Some of these areas are addressed in subsequent sections of this
report.

The literature sources used in the assessment that re-
sulted from the literature survey are listed either in the list of
references or bibliography presented at the end of this report.

The guantity and quality of electrical data readily
available decreases significantly between the primary materials
(i.e. glazing and conductive materials) and the secondary materials
(i.e. protective coatings, adhesives, sealants, edge construction)
of aircraft transparencies. Although some of the electrical prop-
erties for some of the materials used might be inferred from the
generic material properties, enough differences exist in manufac-
turing processes and chemical compositions to lower, significantly,
the degree of confidence in such inferences. Oftentimes the exact
manufacturing processes and chemical compositions are not obtain-
able because of their proprietary nature.

The increasing concern over the electrical behavior of
aircraft transparencies, the on-going programs to reduce their sus-
ceptibility to atmospheric electricity, and probable future design
and qualification requirements will require that the results of
this survey be maintained current by periodic updates and acquisi-
tion of the necessary electrical data for all transparency system

35

s et e

i

R ——




materials. However, the emphasis should not be to merely fill

gaps. The important gaps, namely the permittivity and conductivity
and their variation over the span of the operating and non-opera-
ting environmental ranges of aircraft and the LEMP and NEMP elec-
tromagnetic frequencies, specially at the extremes, are needed for
analytical evaluations using the model described in a subsequent
section.

B. Physiological Effects of Lightning on Aircraft Crews

A review of Air Force losses due to lightning strikes
(Reference 32) shows that personnel report cases of electrical
shock, balls-of-fire running down arms and legs, temporary dazing
and flashblindness. An F-101B crashed when a lightning strike
temporarily blinded the pilot during landing. An F-4 was destroyed
during a low level flight; the pilot bailed out after an explosion
threw him to the left side of the cockpit. In other F-4 lightning
strike incidents crewmen have reported very mild parathesia, tem-
porary blinding and pressures equal to the muzzle blast of a rifle
at close range. In the case of helicopters, electric shock to the
crew may be severe since little protection is provided.

A report summarizing lightning strike data from five com-
mercial airlines for the period 1 June 1971 to 1 November 1974
gives a good indication of problems experienced by transport air-
craft flight crews. There are 214 incidents reported, involving
strikes to Boeing 707, 720, 727, 737, 747; McDonnell Douglas DC-8,
DC-9, DC-10; and Lockheed L-188 (Electra) and L-1011 aircraft. 1In
all these cases there were no occurrences of injuries to any flight
crew members (Reference 33).

Minor problems reported included 16 instances of flash-
blindness, 6 cases of exposure to concussive/shock force, and one
instance of momentary crew disorientation because of compass out-

ages. There were no cases of electrical shock.




Other incidents reported separately by airlines included
secondary currents induced in audio circuits that produced tempo-
rary, deafening crashes in earphones, momentary potentials which
caused slight shocks and flash blindness persisting for several

minutes (Reference 34).

The charscteristics of lightning relative to physiolog-
ical effects are summarized below. The literature survey and di-
rect contacts with physiological effects researchers revealed a
lack of information in the areas of luminous output and acoustic
shock of lightning.

Most cloud-to-ground lightning flashes consist of faintly
luminous leader passing from cloud-to-ground, followed by a bril-
liant return streamer from ground-to-cloud back along the path of
the leader. Several more leader and return streamers often follow
along the established conductive path. Most flashes consist of
three separate strokes separated by a 40 millisecond time interval;
however, time intervals of 10-150 milliseconds have been recorded.
The usual flash lasts 0.25 seconds. Although there are variations
between cloud-to-ground and cloud-to-cloud lightning, the condi-
tions of cloud-to-ground lightning are generally accepted to be
more severe and are consequently used as criteria for suscepti-
bility, vulnerability and/or survivability assessments.

The most frequent peak current value is 20,000 amps, fol-
lowed by a continuing current in the 40 to 300 amp range. Median
rise times for first strokes are 1-3 microseconds but subsequent
dart leaders are associated with rises of 0.3-1 microseconds. Data
on aircraft strike characteristics indicate a peak rise rate of
5000 amperes/microsecond.

Peak temperatures in the channel are about 30,000°K, de-
caying to 15,000°K in 25-30 microseconds. Average pressure during
the first 5 microseconds is about 8 atmospheres decreasing to ambi-

ent within 20 microseconds.
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1. Flashblindness
Flashblindness is a temporary loss of vision resulting

from exposure to a high intensity light flash. The greatest flash-
blindness threat to flight crews results from lightning attachment
at the area forward of the cockpit and being "swept" to the wind-
shield. The flash light adapts the retinal areas where primary or
secondary light sources within the visual field are imaged by
bleaching the photopigment of the visual receptors (rods and cones)
of the retina and affecting the neural component. Vision is most
severely affected when the afterimage is superimposed on the

foveal and parfoveal regions of the retina. The fovea is a pit
located in the center of a rod-free area centered on the retina
that subtends an angle of about two degrees at the pupil. As the
retinal photopigments are regenerated, the afterimage fades and the
observer can again see visual detail. The elapsed time between
exposures and return of vision is referred to as the recovery time

(Reference 35).

The bulk of available knowledge on flashblindness is
based on investigations involving the nuclear explosion flash. As
such, data is presented in part as a function of the angle sub-
tended at the eyeball by a circular source and the brightness of
the source. This subtended angle can then be related to a specific
set of conditions of source size (a function of the nuclear device
yield) and distance. In contrast to this,. the lightning flash-
blindness hazard results primarily from a lightning strike to the
nose of an aircraft that may, or may not, be swept over the wind-
shield. The source here is a long source of a length dependent on
the viewing angle of the cockpit windshield/canopy, and a breadth
depending on the size of the lightning channel current. To relate
the lightning flashblindness hazard to that from a nuclear ex-
plosion it is necessary to define the former in the same terms as
the latter.

Investigations performed by Flowers (Reference 36) re-
vealed that the lightning channel cross-sectional area is approxi-
mately a linear function of the current of a spark discharge in
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air. That is:
Channel Cross-sectional Area (cmz) X Current (kiloamperes)

Therefore, for average (30 kiloamperes) and severe (200 kiloam-
peres) lightning strokes, the corresponding channel diameters,
assuming a circular cross-section, are 6 and 16 centimeters, re-
spectively. These values are useful approximations to the light-
ning channel width.

To define the length of the channeli, the criteria for
aircrew station vision requirements (Reference 37) determined that
the pilot's vertical field of view must be between 21° (for
fighter/attack aircraft) and 95° (for single-pilot helicopters).
The practical application of this requirement was further investi-
gated by calculating a mean windshield area for a number of opera-
tional aircraft windshields, including helicopter, fighter, cargo,
and bomber aircraft. The result was an area of about 0.4 square
meter which, assuming a square windshield area, give a vertical
length of about 62 centimeters. A circular windshield shape would
yvield a similar dimension (equal to the diameter) of about 71

centimeters.

Using the values for channel width and length thus de-

rived, the areas of the lightning channel sources for average and
severe strokes are roughly 400 and 1000 square centimeters, respec-
tively. To relate these values to nuclear source data we relate
them to circular areas having diameters of about 22 and 36 centi-
meters, respectively. Assuming an average distance of 50 centi-
meters between the pilot's eye and the windshield and a swept
stroke, the angle subtended by these equivalent sources would be
about 12 and 20 degrees, respectively.

To estimate the source brightness we assume a lightning
channel (cloud to ground) of five kilometer length and a potential

difference between the beginning of the leader and ground of 30
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megavolts. We assume a cloud-to-ground stroke because this is gen-
erally considered to be a "worst" case. Based on these assumptions
and the current values for average and severe lightning strokes,
the corresponding power dissipated values are 9%x1011 and 6x1012
watts, respectively. If we assume the lightning channel to radiate
as a black body source and a luminous efficiency of 520 lumens per
watt, the visible energy for average and severe lightning strokes
is about 5x1014 and 3x101° lumens. These values correspond to il-
luminances of about 2x1012 and 4x1012 1umens per square meter,
respectively. These values may be compared to the dayligh%* illumi-
nance on a horizontal surface (at sea level with the sun at the
zenith, clear sky) of about 10° lumens/m2 and the starlight illumi-
nance (no moon) of 3x10_4 lumens/mz. (Reference 38).

Admittedly, several assumptions were made in the preced-
ing discussion. The numerical approximations serve two purposes.
First, they will enable relating nuclear flashblindness data to
lightning, and second, they point out that a flashblindness hazard
exists even with the eyes adapted to broad daylight.

Several variables affect recovery time, including flash
intensity and duration, the visual angle subtended by the flash
field retinal location of the afterimage, pupil diameter, target
luminance and the degree of pre-flash adaptation. The effects of
multiple flashes and/or simultaneous flashes subtending separate or
overlapping visual fields also should be considered.

Rates of recovery following exposure to high intensity
flashes with durations of 33 and 165 microseconds and 9.8 milli-
seconds were measured for luminances up to 8.6 log milliLamberts
(mL) (4x108 lumens/m?) by J. H. Hill and G. T. Chisum in 1962 (Ref-
erence 39). A luminance of one milliLambert is approximately that
level present at a twilight sky condition (10 1hmens/m2). Aircraft
instrument lighting is adjustable between about 0.23 lumens/m2 and
about 11.25 lumens/mz. The log milliLambert scale is used to lin-
earize the plots and for data compression. Thus a display lumi-

nance of 0.5 log mL corresponds to 3.2 mL. Visual sensitivity
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was determined by the resolution of gratings requiring acuities of
0.13 and 0.32 at display luminances of -2.50 to 2.25 log mL
(3.2x1073 to 1.8x102 lumens/mz). Recovery time decreased as
display luminance increased. Recovery time increased with in-
creases in acuity level at display luminances below 0.5 log mL
(3.2 lumens/m?) and with increases in either the luminance or the
duration of the adapting flash. Flash duration was not found to
be as critical as previously thought since a sixty-fold difference
in duration for two flashes of equal total energy only doubled
recovery times. Some graphs showing the recovery times obtained
are shown in Figure 22. Adapting flash luminance, adapting flash
duration and visual acuity level were held constant during each
session and the display luminance was varied.
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Figure 22. Time Required to Perceive an Acuity Target
Following Exposure to an Adapting Flash
(Note: 1 mL = 10-2 lumens/mz)

In 1973, G. Chisum (Reference 40) measured the times re-
quired to detect a simple display following exposure to adapting
flashes of different durations but equal integrated luminances.
Results indicated no consistent variation in response times as a
function of flash duration.

The effect of flash field size on flashblindness in an
aircraft cockpit was measured by W. H. Cushman in 1971 (Reference
41) . Flashblindness recovery times were determined for several
aircraft instruments after volunteers were exposed to high inten-
sity double pulse light flashes with flash fields subtending 1°,
3°, 5°, 10°, and 15° of visual angle. These subtended angle flash
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fields are selected to be representative of nuclear bomb fireballs
from either different yields at a given range or a given yield at
various ranges. In either case, the fireball will subtend an angle
at an observer's eyes corresponding to the apparent fireball
diameter. Recovery time increased with the visual angle subtended
by the flash field. Countermeasures such as looking around the
afterimage and body movement reduced recovery times. Studies of
cumulative flashblindness effects after multiple flash exposures
were performed by Cushman in 1971 (Reference 35). Subjects seated
in an aircraft flight simulator were exposed to a series of high
intensity (108 mL or 106 lumens/m2 duration (2 milliseconds) light
flashes with intervals of 15, 45, 120, or 300 seconds between
flashes. Recovery times for interpreting the air speed indicator
and turn and bank indicator during night flying conditions were
determined. Cushman considered the effects of the visual angle
subtended by the target and whether interpretation must occur
through the afterimage or is possible by seeing around it. It was
found that the digital readout of the airspeed indicator could not
be read at night at various times after each of three successively
occurring high intensity flashes of 2x10° mL/second (2x103 lumens/
m2/sec) with 12° flash field. The multiple flash hazard was not
nearly as high for the turn and bank indicator, which could be

read around a 12° afterimage. Target luminance effects on recovery
time were also investigated by increasing the luminance of the
airspeed indicator from 0.07 to 2.1 mL (0.7x10"4 to 2.1x1072 lumens/
watt) immediately after the third flash. Mean recovery time
decreased 82%. When thunderstorm lights providing 150 footcandles
of supplementary instrument panel illumination were used, mean

recovery time was decreased 94%.

In 1974, G. Chisum and P. Morway (Reference 42) measured
the recovery times for detecting the orientation of a display fol-
lowing exposure to two flashes separated by intervals ranging from
2 to 90 seconds. Their results show that for a fixed flash dura-
tion, as would be the case for an air crewman wearing dynamic flash-

blindness protection equipment, exposure to two flashes is not

associated with simple variations in response time.
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Response times as a function of adapting flash area and
retinal location were measured following exposure to high-inten-
sity, short duration flashes in eighteen retinal locations (Ref-
erence 43). It was found that intraocular effects operate in flash- F
blindness, producing small but consistent increases in foveal
response times following extrafoveal stimulation by an adapting
flash.

The rate at which parafoveal vision is recovered is sig-
nificant since parafoveal acuity is necessary to maintain safety in

flight. The extent of the disruption of parafoveal sensitivity as :
a function of retinal location was studied by G. Chisum in 1971 ;
(Reference 44). The times required for parafoveal detection of a

simple display were measured following exposure to three adapting

flash areas in nine locations. Both factors produced variations in

recovery time, indicating that intraocular effects are involved in

parafoveal flashblindness and that part of the intraocular effect

can be attributed to retinal interaction.

The aircraft cockpit configuration influences the angle
subtended by the flash field. Other variables are introduced by
protective reactions such as the blink reflex, head and body move-
ment, adjusting lighting levels, and by using sunglasses, goggles,
eyepatches and light-activated closing devices. Recovery of visual
function to the levels required for reading vital instruments was
recorded without protection, with the use of a monocular eye patch
and with the use of a 2% transmission gold-coated visor and supple-
mentary instrument illumination (Reference 45). The eye patch was
found to give superior performance for general night use whether it
was raised immediately after the flash or transferred to the other
eye. With the thunderstorm lights on, however, the visor gave an
increase in average recovery time of 78% over the best eye patch
recovery time.

Other research in protective devices has been done (Ref-
erences 46 and 47), but was applicable primarily to providing pro-
tection from nuclear explosions. Also nine papers on visual aids
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and eye protection for the aviator were presented at the Aerospace
Medical Panel Specialists' Meeting held in Denmark, 5-9 April 1976
(Reference 48).

Only one study of the effect of color on visual recogni-
tion was found (Reference 49). Visual perception of blue filtered
light was significantly better than for white, red or orange-red
filtered light when a glare was imposed. With increased use of
digital readouts, investigations of the influence of color varia-
tions on instrument readability after exposure to lightning flashes
might be of interest.

The common recommendation for dealing with possible
vision loss during thunderstorm penetration is to turn up the
lights in the cockpit. R. H Golde (Reference 50) reports that the
intense light emission causeu by a final current pulse in light-
ning strikes to the aircraft can cause temporary blinding to air-
craft pilots but no quantitative data are given. In an analysis of
the lightning susceptibility of a NASA T-38 aircraft (Reference 51)
it is reported that 76.6% of all strikes to these aircraft are to
the pitot boom at the nose, posing a threat of flashblindness from
the lightning arc. In addition, USAF and USN lightning incident
reports include many instances of flashblindness occurrences.

Pitot booms are likely attachment points for lightning due to their
forward position and needle-like geometry and this statistical re-
lationship probably occurs for other aircraft configurations as
well.

Since cockpit configurations and transparency designs
vary from aircraft to aircraft, each aircraft design can produce
variations in the factors affecting flashblindness, (i.e. visual
angle subtended by the flash). 1Individual tests have been reported
in the F-104G, B-52D, F-106B, F-4C, and C-131 but no known attempt
has been made to correlate these results according to the effects

of cockpit/transparency design.
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ol Electrical Hazards

The degree of shock from an electrical incident is mea-
sured by the amount of current forced through the body and not the
voltage applied (Reference 52). Voltage is important only because
its level and the body resistance between the points of contact
determine how much current flows. Since resistance varies from
1000 ohms in wet skin to over 500,000 ohms in dry skin, a danger-
ous voltage level cannot be predicted.

The threshold of sensation is around 0.003 amperes while
currents of 0.01 amperes cause pain. Muscle contractions start at:
0.02 amperes; severe shock occurs at about 0.03 amperes, and ex-
treme breathing difficulty is experienced at over 0.06 amperes.
Ventricular fibrillation occurs between 0.1 and 0.2 amperes and is
considered lethal. Above this level the heart is forcibly clamped
which prevents ventricular fibrillation and may not cause death if
resuscitation efforts begin immediately. However, severe burns and
unconsciousness will result.

In a metal aircraft struck by lightning the flight crew
are shielded by the fuselage which forms a continuous, conductive
shell (Faraday cage) of such low resistance that current usually
does not flow long enough to cause serious problems from electrical
shock. Serious electrical shock can, however, be caused if cur-
rents and voltages are conducted via control cables or wiring lead-
ing to the cockpit from control surfaces struck by lightning. The
shock level may be sufficient to cause numbness of hands or feet,
disorientation, confusion or unconsciousness {(Reference 1).

There are some instances of minor shocks to flight crew
members. Some slight shocks have occurred to F-4 crew members,
probably through wiring to the cockpit switches (Reference 53).
NASA T-38 pilots have reported annoying but not hazardous shocks
from seat belt buckles; the cause of these shocks was studied by

the U.S. Air Force and a final report is in preparation (Reference
519 .
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a. Canopies

Aircraft canopies are sometimes struck by lightning
but the crew is protected from harm by the dielectric strength of
the canopy and the conductive canopy frame. This concept is dis-
cussed in a paper on lightning protection for advanced fighter air-
craft and it is recommended that high voltage tests be performed on
an actual canopy during aircraft design, including mockups of the
ejection seat and pilot's helmet, to insure that the canopy will
not puncture during a direct strike. This work was followed by
mathematical analysis of the hazard (Reference 54), preliminary
tests in flat polycarbonate sheets and a simulated canopy, and
finally tests in an actual fighter canopy with ejection seat. The
results show that the canopy would not puncture as the result of a
direct lightning strike. Tests were also conducted to determine
the magnitude of corona streamering currents inside the canopy just
before a strike occurs. A helmet, including grounded earphones and
mike, was attached to the seat. It was concluded that corona

levels were too small to be a hazard to personnel but no data were
given.

Further study of medical aspects is recommended.
The AFSC Design Handbook (Reference 1) reports that shock can be
induced on flight crews under dielectric covers such as canopies by
the electric fields during thunderstorms, a phenomenon which gen-

erally occurs without puncture of the dielectric covering.

b Helicopters

Problems with lightning protection to helicopters
are occurring more frequently as they begin operating in all-
weather conditions. Shock hazards to the crew can be introduced if
an ungrounded conductor is mounted in a transparency (or a non-
conducting skin area) in such a way that it can lead a lightning
strike or streamer into the enclosure (Reference 16). An example
is the outside air temperature gauge. However, grounding the gauge
to the air frame eliminates this hazard.
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3. Blast and Acoustic Effects

Crew members sometimes mention blast effects, accompanied
by high noise levels, which occur during lightning strikes. Physi-
ologically, these incidents do not appear to be serious and no
reports of investigations have been found in the lightning litera-
ture. Although no physiological data were found, the magnitudes of
shock waves from lightning strike are significant and can be calcu-
lated (Reference 55) and should be evaluated for physical effects.

4. Psychological Effects
The only research that appears to deal directly with
psychological effects to aircraft crews in the thunderstorm envi-
ronment was performed by the Aerospace Medical Laboratory of Japan.
This work was not available in time for this report. It would seem
that this is an area deserving of further study since a thunder-
storm environment is know for the fear it produces and could cause

resulting interference with physiological functions.

Bie Conclusions
a. There is a large volume of literature available on
flashblindness effects. This work, which is concerned mainly with
protection from nuclear explosions, should be applicable to light-
ning if the luminous output of lightning flashes is defined.

b. Corona streamering current measurements beneath air-
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